the adoption of and opportunities in continuous flow synthesis ('flow chemistry') have increased significantly over the past several years. continuous flow systems provide improved reaction safety and accelerated reaction kinetics, and have synthesised several active pharmaceutical ingredients in automated reconfigurable systems. although continuous flow platforms are commercially available, systems constructed 'in-lab' provide researchers with a flexible, versatile, and cost-effective alternative. Herein, we describe the assembly and use of a modular continuous flow apparatus from readily available and affordable parts in as little as 30 min. once assembled, the synthesis of a sulfonamide by reacting 4-chlorobenzenesulfonyl chloride with dibenzylamine in a single reactor coil with an in-line quench is presented. this example reaction offers the opportunity to learn several important skills including reactor construction, charging of a back-pressure regulator, assembly of stainless-steel syringes, assembly of a continuous flow system with multiple junctions, and yield determination. From our extensive experience of single-step and multistep continuous flow synthesis, we also describe solutions to commonly encountered technical problems such as precipitation of solids ('clogging') and reactor failure. Following this protocol, a nonspecialist can assemble a continuous flow system from reactor coils, syringes, pumps, in-line liquid-liquid separators, drying columns, back-pressure regulators, static mixers, and packed-bed reactors.
IntroDuctIon
This century has seen an overwhelming advancement in the understanding and synthesis of organic compounds. By contrast, laboratory technology has remained much the same; reactions are still labor-intensive and are performed in round-bottom flasks housing stir bars and reflux condensers. Although this style of chemistry (termed batch chemistry) is often suitable for chemical transformations, increasing research has demonstrated that continuous flow can provide a range of benefits [1] [2] [3] [4] [5] [6] [7] [8] [9] . Translating reactions into continuous flow can provide levels of control and automation that are not possible in batch reactions. Improving the heat and mass transfer 10, 11 , micromixing 12 , radiation penetration [13] [14] [15] [16] , and homogeneity 6 of reactions has provided practical solutions to improve reaction efficiencies. Moreover, continuous flow allows the safe handling of hazardous species. Generating toxic compounds in situ for immediate consumption in sequential reactions avoids stockpiling of risk-prone compounds 1, 4, 8 . Harnessing increased reaction efficiencies, environmental sustainability, and improved safety metrics has led to the adoption of continuous flow into both academia and industry 3, [17] [18] [19] [20] [21] .
At its core, continuous flow synthesis is achieved by pumping solutions of reactants through reactors in a continuous manner (Fig. 1a) . For lab-scale purposes, syringes, HPLC systems, or peristaltic pumps drive fluid through reactor coils or microfluidic chips, with the residence time of the fluid dictated by the total flow rate and reactor volume. Although single reactor coils are commonly used, advancements of in-line technology have provided opportunities to explore more complex, multistep transformations 6, 22 . In this context, 'in-line' refers to a manipulation, or analysis, of the continuous flow stream without the solution exiting the continuous flow system. The ability to perform aqueous workups, drying, and other purification procedures has advanced continuous flow notably. Removing impurities and byproducts, or isolating products during multistep reactions has allowed longer, more complex reactions to be translated into continuous flow.
However, advancements in the drying of solutions are required, as this is currently limited by the lifetime of molecular sieves in the system.
Multistep continuous flow systems have provided rapid syntheses of active pharmaceutical ingredients (APIs), natural-product intermediates, and effective functional-group transformations 3, 9 . What started as a niche discipline in academia ~10 years ago has evolved into a rapidly diversifying and expanding research area. Furthermore, materials [23] [24] [25] [26] , biochemical [27] [28] [29] [30] , and biofuel [31] [32] [33] [34] processes have been translated into continuous flow systems with success. In 2005, Lonza. stated that ~50% of chemical processes could benefit from translation into continuous flow 35 . In this respect, it is vital that all researchers wishing to contribute and advance in this area have access to readily available and operationally simple continuous flow equipment.
Although continuous flow chemistry has a plethora of benefits, it has its limitations as well. For example, handling solids in continuous flow is difficult because of reactor clogging. Although advancements in reaction engineering and immobilized reagents have overcome this to a certain extent, further innovation is needed. The most challenging constraints for academics, however, remain the high costs and significant time investment needed to conduct continuous flow research 13 . First, pumping modules are by far the most expensive component of a continuous flow system ($1,000-20,000 USD). Second, purchasing commercially available reactors and equipment increases the cost of continuous flow synthesis immeasurably. Furthermore, researchers are often burdened by long delivery periods for equipment. Although syringe-pump costs are fixed, the other constraints can be overcome through the assembly of modular continuous flow systems from commercially available and affordable components (Fig. 1a) . This not only reduces the time and cost associated with continuous flow chemistry but also opens up continuous flow synthesis to all.
Development of the protocol
We maintain that a continuous flow apparatus should be (i) modular, so that it can be easily replaced to create a variety of systems, (ii) quick to assemble from readily available and cost-effective parts, and (iii) easy to operate, allowing both new and experienced researchers to harness the benefits of continuous flow chemistry. For example, the synthesis of lidocaine hydrochloride requires assembly of multiple syringes, pumps, reactor coils, a back-pressure regulator, and an in-line liquid-liquid separator (Fig. 1b) . To then synthesize ibuprofen, users need only re-arrange the syringe pumps, add a new reactor coil, and then exchange a static mixer for a back-pressure regulator. This whole process takes ~30 min and allows the synthesis of another API.
To advance this concept, modular continuous flow equipment has been developed that is readily assembled from affordable and commercially available components, allowing researchers to explore continuous flow synthesis without purchasing expensive equipment. In addition, the synthesis of APIs and commodity chemicals such as ibuprofen 36 , lidocaine hydrochloride 37 , diphenhydramine hydrochloride 37, 38 , diazepam 37 , fluoxetine hydrochloride 37 , atropine 39 , rufinamide 40 , , aliskiren 41, 42 , and AS-136A (ref. 43) has been achieved (Fig. 1b) . Furthermore, fluorination using SF 6 (ref. 44) , biocatalysis 45 , controlled polymer growth 46 , and a range of synthetic transformations has been mediated by 'in-lab'-constructed systems 16, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
As with traditional organic synthesis, a range of accessories is required for continuous flow synthesis. Typically, systems are operated with a back-pressure regulator to ensure fluid homogeneity as it proceeds through the reactor; if there is no back pressure, then the liquid passes through the reactor too quickly because of lack of resistance, resulting in variable fluid residence times (Fig. 1a) . Operating under a back pressure also allows solvents to be heated above their atmospheric boiling points, affording opportunities for improved reaction kinetics. Analogous to stir bars in round-bottom flasks, static mixers and packed-bed reactors micromix solutions in a continuous manner (Fig. 1a) . Packed-bed reactors can also house solid or immobilized reagents in such a way that solids can participate in flow chemistry. Moreover, in-line liquid-liquid separators housing a semipermeable membrane can isolate immiscible fluids for intermediate purification. Finally, drying units containing molecular sieves can remove water from solutions before subsequent moisture-sensitive transformations. Combining these modules into specific orders allows researchers to translate a large number of synthetic protocols into continuous flow.
Overview of the procedure
In this protocol, the assembly, use, and troubleshooting of modular continuous flow systems are discussed. For the reader's convenience, the PROCEDURE (Fig. 2) first describes the assembly of basic continuous flow equipment, then describes the incorporation of advanced in-line technologies for more complex syntheses, and finally describes the use of the earlier PROCEDURE steps in a real-life example: the synthesis of a sulfonamide. For basic continuous flow systems, the assembly of reactor coils from PFA tubing and the assembly of stainless-steel syringes are discussed. Finally, the assembly of a continuous flow system housing a back-pressure regulator, two syringes, and a single reactor coil is demonstrated. For those new to continuous flow, this is the most basic setup. The skills learned in this section, however, can be applied to the assembly of more complex systems in future syntheses.
In the advanced section, the assembly, inclusion, and use of in-line technology will be described to allow more complex, multistep continuous flow transformations (Fig. 1b) . First, the assembly of a static mixer and a packed-bed reactor for increased mixing of solutions is discussed. Second, the use of a liquid-liquid separator for intermediate purification is detailed. Finally, how to assemble a drying unit housing molecular sieves is demonstrated. This protocol allows an undergraduate researcher to quickly assemble reactor coils, static mixers, stainless-steel syringes, packed-bed reactors, back-pressure regulators, in-line liquidliquid separators, and drying units. Compiling this equipment into a simple modular continuous flow system allows those new to the field to explore continuous flow synthesis.
Controls
Control reactions are essential to the optimization and understanding of continuous flow systems. To effectively determine the yield, or conversion, of a transformation occurring within the continuous flow system, the reaction must be immediately quenched upon exit. There are several types of quenches, including (i) chemical, (ii) thermal, and (iii) isolation. Chemical quenches destroy at least one of the reagents to avoid further reactivity. Thermal quenches slow the rate of reaction significantly, so that the reaction mixture can be isolated or analyzed. Isolation quenches remove a reactant from the reaction mixture through a physical process such as evaporation, separation, or precipitation. To test whether your quench is suitable, first analyze the solution immediately after quenching it. Second, perform the same analysis on a quenched solution after 30 min. If a change in the yield results after 30 min, then the quench is ineffective. This consideration is especially important for those performing 'flash chemistry' 58, 59 . Here, synthetic transformations are mediated on very short time scales (seconds). Furthermore, it is important to separate reactive reagents into separate syringes to avoid reactivity before they enter the continuous flow system. Note that several continuous flow systems allow in-line reaction monitoring that removes the need for reaction quenching [60] [61] [62] . However, this is beyond the scope of this work. Steps 1-11
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Figure 2 | Outline of the equipment constructed in this protocol. First, the assembly of a basic continuous flow setup is detailed in Steps 1-50; then the assembly of advanced continuous flow equipment is detailed in Step 51A-D.
Experimental design
Reactor coils form the basis of continuous flow systems. In a continuous flow synthesis, pumps (i.e., syringe pumps, HPLC pumps, piston pumps, or peristaltic pumps) drive fluid through reactors coils that can be heated, cooled, and/or irradiated. The length and volume of the reactor coil determines the length of time (i.e., the residence time) it takes for a fluid to pass through the reactor. Changing the flow rate of fluid through a reactor, or the length and volume of a reactor, can change the residence time. The equations to calculate the required reactor-coil length for a specific residence time are provided in the Supplementary Equations. Unlike most batch reactions, continuous flow systems often operate under a back pressure, controlled by a back-pressure regulator. Importantly, this pressure must be considered when carrying out the appropriate safety assessment. For example, operating a back pressure of 200 psi means that if the reactor tubing breaks, 200 psi of pressure will be immediately released from the reactor coil, along with its contents. Although continuous flow synthesis is ideal for performing high-temperature and high-pressure reactions, if users believe there could be a problem with pressure and temperature, we suggest using stainless-steel tubing. Note that we have used 0.02-inch PFA tubing at 200 °C with a back pressure of 200 psi, and we believe that this could be near the limits of this tubing. In addition, although Harvard pumps are suitable for a wide variety of chemicals, they have their own limitations; users should refer to usage guides for chemical compatibility details. This protocol describes the assembly and operation of a simple continuous flow system harnessing two syringe pumps at an elevated pressure. Steps 20-30 describe how to set a back pressure using a Zaiput variable back-pressure regulator. A variable backpressure regulator offers reaction flexibility and, in our experience, lasts longer than other back-pressure regulators, but other options are available, such as the fixed-back-pressure regulator cartridges from IDEX Health and Science (e.g., cat. nos. P-795 and P-764). Operating under a back pressure allows solvents to be heated above their atmospheric boiling points while providing a smooth flow of fluid through the system. After charging a back-pressure regulator, Steps 31-50 describe the assembly of a continuous flow system housing two syringe pumps, a T mixer with check valves, a single reactor coil, and a back-pressure regulator. This setup allows two solutions to be mixed and reacted, the product to be collected for analysis, and then the system to be cleaned. Although a simple system, the skills in this section are invaluable for the assembly of more complex systems. 
MaterIals

REAGENTS
proceDure section 1-Basic continuous flow equipment: assembly of a reactor coil • tIMInG ~10 min  crItIcal Refer also to supplementary Video 1. 1| Cut a DuPont 0.02-inch-inner-diameter PFA tubing to the required length using polymer-tube cutters. Use the equations found in the supplementary equations to calculate the reactor volume required for a specific residence time at a desired flow rate.  crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing of the fitting.
2|
Insert one end of the PFA tubing through a super flangeless nut, ensuring that the thread of the nut is pointing toward the open end of the PFA tubing.
3|
Slide the stainless-steel ring of the ferrule set for the 1/16-inch-outer-diameter tubing onto the PFA tubing using tweezers. Ensure that the slanted part of the stainless-steel ring is facing toward the open end of the PFA tubing and that the thicker portion is facing toward the nut (Fig. 3a,d ).  crItIcal step If the stainless-steel ring is installed backwards, the reactor will not seal properly, and, as a consequence, it can leak.
4|
Slide the yellow plastic component of the ferrule set for the 1/16-inch-outer-diameter tubing onto the PFA tubing using tweezers. Ensure that the cone portion of the yellow plastic component is facing the super flangeless nut and the stainless-steel ring (Fig. 3b,d ).  crItIcal step If the yellow plastic component is installed backwards, the reactor will not seal properly, and, as a consequence, it can leak.
5|
Insert the end of the PFA tubing into a low-pressure PEEK union for the 1/16-inch-outer-diameter tubing. Ensure that the PFA tubing is constantly pushed into the low-pressure union while finger-tightening the super flangeless nut (Fig. 3c) .
 crItIcal step If the PFA tubing is not constantly pressed into the union during tightening, the tubing may not be aligned with the ferrule during compression. This can lead to reactor failure and leaking.
6|
Further tighten the super flangeless nut into the lowpressure union using the extender tool for standard head nuts.  crItIcal step Do not overtighten the ferrule, as this will lead to deformation and/or cracking of the nut. This can lead to reactor failure and leaking.
7| Unscrew the flangeless nut from the union using the extender tool for standard head nuts. Ensure that the ferrule set is flush with the PFA tubing.  crItIcal step If this is not perfect, cut off the ferrule and the super flangeless nut and repeat the process. Be mindful that cutting the tubing will decrease the residence time of the fluid in the reactor.
? trouBlesHootInG
8|
Repeat Steps 2-7 on the other end of the PFA tubing.
9|
Coil the PFA tubing into a circle with a diameter less than that of the bath used to mediate the temperature of the reactor coil (Fig. 3e) . This can be achieved by wrapping the tubing around a circular object such as a paper cup.
10|
Use two cable ties to fasten the opposite sides of the reactor coil into shape (Fig. 3f) .
11| Finish the reactor coil by cutting the cable ties to a workable length (Fig. 3g) .
assembly of a stainless-steel syringe • tIMInG ~10 min ! cautIon Although stainless-steel syringes are ideal for those who are new to the field of continuous flow chemistry, some reagents are not compatible with stainless steel. Furthermore, the grease required for stainless-steel syringes can pose contamination concerns with nonpolar compounds. In this case, users should use glass or plastic syringes. It is worth noting that plastic and glass syringes are more affordable, but using stainless-steel syringes allows fluid delivery at higher pressures (>25 bar). Furthermore, glass syringes can shatter, and plastic syringes can crack if the system clogs, posing a safety concern. Although stainless-steel syringes require greater financial investment, their long-term use and wide operational applicability is highly advantageous.
 crItIcal This part of the protocol describes the assembly of stainless-steel syringes for use in a continuous flow system. Here, 8-ml stainless-steel syringes are used because of their ability to handle a wide variety of organic solvents as compared with 20-ml stainless-steel syringes; this relates to O-ring degradation. Furthermore, 8-ml syringes are capable of dealing with higher-pressure systems, and, as a consequence, they fail less frequently. If a 20-ml stainless-steel syringe is required, ensure that perfluoroelastomer barrel O-rings are installed (Harvard Apparatus, cat. no. PY2 5013-089). supplementary Video 2 shows the assembly of the stainless-steel syringe. 12| Unpack the contents of the stainless-steel syringe kit (Fig. 4a) . The kit should contain a stainless-steel syringe, its plunger, a metal ferrule set (components 2a and 2b), a metal nut (component 1), and a syringe connector (component 3).
13|
Connect the stainless-steel syringe to the syringe connector and finger-tighten it. Use a bench vise to hold the syringe in place while performing this step (Fig. 4b,c) .  crItIcal step Overtightening can deform the O-ring in the syringe connector, leading to failure.
14| Cut a 30-cm long piece of DuPont 0.02-inch-inner-diameter PFA tubing and ensure that both ends have been cut flat with a polymer-tube cutter.  crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing of the fitting. 15| Pass the PFA tubing through the metal nut (component 1), ensuring that the threaded side of the nut is facing the end of the PFA tubing (Fig. 4d) .
16| Slide the stainless-steel ring (component 2a) onto the PFA tubing using tweezers. Ensure that the thicker side of the stainless-steel ring is facing toward the nut and that the thinner side is facing the end of the PFA tubing. Next, slide the stainless-steel cone (component 2b) onto the PFA tubing using tweezers. Ensure that the larger-diameter side of the stainless-steel cone is facing the metal nut and the stainless-steel ring, and that the smaller-diameter face is pointing toward the end of the PFA tubing (Fig. 4d) . Note that the Swagelok ferrules do not sit flush with the tubing, as described for the super flangeless nut and ferrule in the previous section. Swagelok ferrules sit a few millimeters onto the PFA tubing.  crItIcal step If the Swagelok ferrules are not correctly connected, the syringe can leak.
17|
Insert the open end of the PFA tubing into the syringe connector (component 3). Ensure that the PFA tubing is constantly forced into the syringe connector, and tighten the nut by hand (Fig. 4e) .  crItIcal step If the PFA tubing is not constantly pushed into the syringe connector while tightening, the depth of the Swagelok ferrules may be incorrect and reactor leaking can occur.
18|
Use two 5/16-inch wrenches to further tighten the metal nut onto the syringe connecter.  crItIcal step Do not overtighten the metal nut, as this can lead to constriction of the PFA tubing, and, in extreme cases, can break the PFA tubing. A properly tightened ferrule will remain in position when the nut has been disconnected from the syringe connector but does not pinch the PFA tubing.
? trouBlesHootInG 19| Attach a super flangeless nut and a ferrule set to the other end of the PFA tubing, as described in Steps 2-7 in the reactor-coil assembly (Fig. 4f) . . Unpack the contents of the variable back-pressure regulator kit to reveal a back-pressure regulator and a gas-delivery tube.
21| Attach the gas-delivery tube to a tank of compressed gas housing an adjustable regulator with a needle valve (Fig. 5a) . Note that air is typically used, but N 2 or argon can also be used.
22|
Set the compressed gas regulator pressure to the desired pressure to be programmed into the variable back-pressure regulator. For example, 100 pounds per square inch, gauge (psig) of compressed air equals a back pressure of 100 psig in the variable back-pressure regulator (Fig. 5b) .
23| Fully open the valve on the back-pressure regulator with a 1/10-inch screwdriver in a counterclockwise motion. This will vent all the gas from the back-pressure regulator, setting the pressure to atmospheric pressure (Fig. 5c) .  crItIcal step Failure to vent the previous pressure within the back-pressure regulator may lead to a higher-than-intended pressure due to prior pressure carryover.
24|
Connect the end of the gas-delivery tube to the back-pressure regulator and tighten it by hand (Fig. 5c) . 25| Fully open the needle valve on the compressed gas tank and allow pressure equilibration into the back-pressure regulator for 10 s.  crItIcal step Failure to allow full equilibration will lead to an inaccurate back pressure.
26|
Using a 1/10-inch screwdriver, close the valve on the back-pressure regulator by screwing it in a clockwise motion (Fig. 5c) .
27| Close the needle valve on the compressed gas tank.  crItIcal step Closing the needle valve on the compressed gas tank before closing the valve on the back-pressure regulator can result in an inaccurate pressure setting.
? trouBlesHootInG 28| Unscrew the back-pressure regulator from the gas-delivery tube. The back-pressure regulator is now charged at the required pressure and is ready for use.
29|
To change the pressure in the back-pressure regulator, follow Steps 22-28. Typically, a higher back pressure should be used if vaporization of the solvent or reagent is observed. A lower back pressure should be used if the pumps are not capable of infusing reagents, i.e., if the pumps stall.
30| Assembly of a generic continuous flow system (Steps 30-50, 20 min; supplementary Video 4)
Cut a 15-cm long piece of DuPont 0.02-inch-inner-diameter PFA tubing using polymer-tube cutters to ensure that both ends have been cut flat.  crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing of the fitting.
31|
To one end of this tubing, add a super flangeless nut and a ferrule set, as previously described in Steps 2-7.
? trouBlesHootInG 32| Insert the super flangeless nut from the PFA tubing into the outlet port of the pressurized back-pressure regulator. First, tighten the nut using the extender tool for standard head nuts and then using pliers.  crItIcal step Make sure that the tubing is attached to the correct port of the back-pressure regulator, as indicated by the arrow (Fig. 6a) . Furthermore, overtightening the super flangeless nut can lead to damage to the PFA tubing and cracking of the super flangeless nut.
33|
Gather the previously made reactor coil. Screw a PEEK T-junction mixer with an inner diameter of 0.02-inch to one end of the reactor coil. Tighten the nut using the extender tool for standard head nuts (Fig. 6b) .  crItIcal step Overtightening the super flangeless nut can lead to damage to the PFA tubing and cracking of the super flangeless nut.
34|
Attach the other end of the reactor coil to the back-pressure regulator (Fig. 6d) . To do this, insert the super flangeless nut from the reactor coil into the remaining inlet port of the back-pressure regulator. First, tighten the nut using the extender tool for standard head nuts, and then use pliers.  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut. 
35|
Attach standard 1/4-28 in-line check valves to both remaining ports of the PEEK T-junction mixer. First, tighten the nut using the extender tool for standard head nuts, and then use pliers (Fig. 6c) . In-line check valves ensure that the fluid travels in the correct direction during system operation.  crItIcal step If no check valves are used, then pressure changes can force solutions back into the stainless-steel syringes during system equilibration; check valves ensure the correct fluid direction while system equilibration occurs. After equilibration, the fluid will proceed in the direction of least pressure resistance (the exit). If you are using a particularly corrosive solution, use nonmetallic 1/4-28 in-line check valves. Tighten these super flangeless nuts with the extender tool for standard head nuts, and then use pliers (Fig. 6e) .
36|
38|
Load the stainless-steel syringes into the syringe pumps ready for infusion (Fig. 6f) . It is recommended that all nuts used in the continuous flow system be tightened with pliers before system initiation.
39|
If the reactor is to be heated or cooled, place the reactor coil into a bath, and allow it to reach the required temperature. In our experience, it is possible to heat PEEK fittings to ~150 °C for extended periods of time without their failure. However, if possible, leave the PEEK fitting outside of the oil bath to extend its lifetime; the plastic part of the ferrule swells with extended exposure to heat. To ensure that the reactor coil does not move in the oil bath, use binder clips to attach the reactor to the side of the oil bath. If you are using cryogenic temperatures, use the appropriate cryogenic bath solution to achieve the desired temperature.  crItIcal step Ensure that the binder clip is not compressing the tubing, as this could lead to reactor clogging. ? trouBlesHootInG 40| Set the correct stainless-steel syringe size on the screen of the pump; in this case, it is 8 ml (Fig. 6g) . Next, set the required flow rate and then start syringe-pump infusion.
41|
Collect the fluid exiting from the back-pressure regulator into a collection vial.  crItIcal step It is important to immediately quench or analyze the solution exiting from the continuous flow system in order to accurately determine the effect of the reaction conditions.
42|
Before collecting the results for analysis, ensure that three residence times have elapsed, as this ensures that the samples are representative of the continuous flow system (i.e., the system has reached steady state). For example, if the residence time of the fluid is 5 min, do not start collection of samples for analysis before 15 min of equilibration time has elapsed. Be mindful that all components of the continuous flow system contribute to the total residence time (back-pressure regulator, T junction, and unions). To calculate the residence time of additional components, measure the internal volume of the component by injecting known volumes of water through the component. To achieve this, fill a 5-ml plastic syringe with water and inject it through the component until water emerges from the outlet. The volume of water that has left the syringe is the internal volume of the component.
43|
Once the reagents in the syringes have been used up, or enough volume has been collected for analysis, stop syringepump infusions, and let the reactor cool to ambient temperature.
44|
System cleanup (Steps 44-50; ~20 min). Unscrew one of the stainless-steel syringes from the standard 1/4-28 in-line check valves and exit the contents into the correct waste receptacle.
45|
Wash the syringe, regrease the O-rings with Krytox grease, and add the reaction solvent (~7 ml) to the stainless-steel syringe as described in Step 7. Load this stainless-steel syringe back into the syringe pump.
46|
Attach the super flangeless nut from the stainless-steel syringe pumps to the inlet of the standard 1/4-28 in-line check valve, tighten it, and then start infusion. Flowing this fluid through the system will clean the reactor coil by pushing the reactants out of the system.  crItIcal step Cooling the system to ambient temperature is fine if the reagents and products are soluble at room temperature. If they are not, the reactor can clog. In this case, clean the system at a temperature at which the reagents/products are soluble.
47|
Once all of the solvent has been injected into the system, ensure that both syringes have stopped infusing and the syringe pump is turned off. Unscrew the stainless-steel syringes from the standard 1/4-28 in-line check valves and eject their contents into the correct waste receptacle. ! cautIon Disconnecting a high-pressure system can result in uncontrollable fluid ejection. To avoid this, first open the valve of the back-pressure regulator to reduce the system pressure to ambient pressure. The solution will exit the exit port of the back-pressure regulator. This solution must be collected as waste.
48|
Wash the stainless-steel syringes with water and soap, and then dry them with acetone. Before using them again, ensure that Krytox grease has been added to the O-rings of the stainless-steel syringe plunger.
49|
Disconnect the reactor coil from the back-pressure regulator and remove it from the bath. Lay the reactor on paper towels to absorb the oil and unscrew the PEEK T-junction mixer.
50|
Blow compressed air through the reactor coil to remove any residual solvent. PEEK T-junction mixer, some situations generate large slugs of two immiscible fluids (slug flow). Additional active mixing through a static mixer or a packed-bed reactor can increase reaction efficiencies. In the first instance, incorporate a static mixer after the PEEK T-junction mixer and before the reactor coil. However, if the system is still ineffective, pass the fluid through a packed-bed reactor housing sand, stainless steel, or glass beads. Packed-bed reactors provide efficient and sustained mixing, and they have been used in several continuous flow syntheses 37 . Here, we describe the assembly of a static mixer (option A, supplementary Video 5) and packed-bed reactor housing sand (option B, supplementary Videos 6-9).
If users wish to perform multistep continuous flow transformations, the purification of intermediate compounds is vital to ensuring high reaction yields. Liquid-liquid extractions can be achieved in-line by injecting water into the continuous flow stream through a mixer and then directing the stream into a liquid-liquid separator. Here, the organic phase passes through a semipermeable membrane and enters new PFA tubing. The aqueous phase does not pass through the membrane and instead enters separate PFA tubing. If water-soluble salts or impurities are present, they will remain in the aqueous phase, purifying the organic stream to some extent. The organic phase (or aqueous phase) can be channeled into another reactor coil for a sequential reaction or can be collected. Option C thus describes the assembly and cleaning of a Zaiput Flow Technology liquid-liquid separator.
A subsequent reaction in a multistep continuous flow sequence can require a solvent with decreased water content. Using a liquid-liquid separator in a prior step can result in an organic solvent having an H 2 O content of 1 to >100,000 p.p.m. (e.g., 2-methyl THF). Passing the organic phase through a drying unit can decrease the H 2 O content to ~300 p.p.m. The H 2 O content of the organic solvent entering the drying unit will determine the lifetime of the unit. As a rough guide, 2-methyl THF with an H 2 O content of ~5,000 p.p.m. can be dried to 350 p.p.m. for a lifetime of ~6 h, whereas an H 2 O content of 50,000 p.p.m. can be dried to 350 p.p.m. for ~90 min. The performance of the drying unit is dependent upon the length of the column, and the shape and size of the molecular sieves housed within it. Ensuring that the organic phase is as dry as possible before entering the drying unit ensures its maximal lifetime. Option D thus describes the assembly and use of a drying unit. (a) assembly of a static mixer • tIMInG ~10 min (i) Cut a 10-cm piece of DuPont 0.062-inch-inner-diameter, 1/8-inch-outer-diameter PFA tubing using polymer-tube cutters.  crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing of the fitting. (ii) Remove the Teflon static mixer from its packaging (Fig. 7a) and insert it into the PFA tubing using tweezers (Fig. 7c) .
! cautIon The static mixer is sensitive, and too much pressure will bend and snap it-be careful. (iii) Using the end of the tweezers, gently push the Teflon static mixer down the PFA tubing until a headroom of ~1 cm is visible (Fig. 7d) . If only a small static mixer is required, then proceed to the next step. If more extensive mixing is required, add more static mixers on top of each other to create a larger mixing region. If more than three static mixers are required, we suggested trying a packed-bed reactor (see below). ? trouBlesHootInG (iv) Add a ferrule set for 1/8-inch-outer-diameter tubing (components 2 and 3, Fig. 7b ) and a super flangeless nut for ≤1/8-inch-outer-diameter tubing (component 1, Fig. 7b ) to the PFA tubing using tweezers. Ensure that the orientation of the components is the same as shown in Figure 7e . Tighten and secure the ferrule set as described in Steps 2-7 to finish the static mixer (Fig. 7f) . (B) assembly of a packed-bed reactor • tIMInG ~30 min (i) Gather two Swagelok stainless zero-volume-reducing unions having an outside diameter of 1/4-inch and lay the parts out as displayed in Figure 8a ; see also supplementary Videos 6-9. (ii) Mount the seamless stainless-steel tubing into a bench vise and mark out a 10-cm portion (Fig. 8b) . Place the metal tube cutter around the point to be cut, and tighten it. Rotate the metal tube cutter around the stainless-steel tubing, and at every ten turns, tighten the tube cutter further to ensure that the blade of the tube cutter remains in contact with the stainless-steel tubing (supplementary Video 6). (x) Insert this end of the PFA tubing into the Swagelok union (component 1) and apply pressure while simultaneously finger-tightening. Mount the packed-bed reactor back into the bench vise and tighten the fittings using 9/16-inch and 5/16-inch wrenches (Fig. 8g) .
? trouBlesHootInG (xi) Repeat Step 51B(ix and x) on the other side of the stainless-steel tube to ensure that both sides of the packed-bed reactor now have PFA-tubing attachments. (xii) To both ends of the PFA tubing, add a super flangeless nut and a ferrule set using the method previously described in Steps 2-7 (Fig. 8i) . (xiii) Unscrew the metal nut (component 2) from the Swagelok union (component 1) to reveal an opening into the stainless-steel tube. (xiv) To create a funnel for loading, take a 3-ml disposable plastic syringe and completely remove the plunger.
Insert the small end of the syringe into the stainless-steel tube so that it is held firm. (xv) Add sand to the stainless-steel tube while simultaneously tapping the tube and the syringe with a spatula to ensure good packing and sand release (supplementary Video 9). Other materials, such as stainless-steel chippings, can be used in the packed-bed reactor; however, the use of very small packing materials can cause a large pressure increase, leading to syringe-pump failure. As a general rule, use a material that will require ten units or more to span the diameter of the stainless-steel tubing. For example, if the internal diameter of the packed-bed reactor is 0.180 inch, then, sand particles with a diameter of ≤0.0180 inch should be used. (xvi) Use the flat back end of a drill piece to pat down the sand to ensure complete and firm packing. (xvii) Place your finger on top of the filled stainless-steel tubing and subject the surrounding nuts to compressed air to remove any loose sand.  crItIcal step Sand caught in the metal nut can lead to an inefficient seal. (xviii) Screw the metal nut (component 2) into the Swagelok union (component 1) using 1/2-inch and 9/16-inch wrenches to ensure a tight fitting. The packed-bed reactor is now complete and ready to use (Fig. 8h) . To change the material in the packed-bed reactor, repeat
Step 51B(xii-xviii), ensuring that the sand is disposed of as solid waste and that the column is washed with the solvent of choice. Unpacking the column is best when the material contained within the column is dry.
? trouBlesHootInG (c) use of an in-line liquid-liquid separator • tIMInG ~30 min  crItIcal If you are using a new in-line liquid-liquid separator, proceed to Step 51C(xi). If you need to check and clean one that has been used before, start at Step 51C(i).
(i) Remove the six screws (three per side) from both sides of the separator using a 3/32-inch Allen key as shown in Figure 9a . (ii) Open the separator, being careful to avoid any residual fluid that may be present. (iii) If the membrane is fouled, use tweezers to remove it.
Discard the fouled membrane as solid waste (Fig. 9b) .
In this sense, 'fouled' describes a chemical degradation or perturbation of the membrane. For example, solids can collect on the membrane, rendering it inefficient, or chemicals can coat the membrane, leading to failure. Regular inspection of the membrane is advised. (iv) Unscrew the metal disk surrounding the diaphragm with a 5/64-inch Allen key (Fig. 9b) . (v) Carefully remove the diaphragm with tweezers.
 crItIcal step Damaging this part will cause the separator to fail.
a b
Remove membrane Remove plastic dish (vi) Wash all of the components and the device with soapy water, ethanol, and finally acetone. Leave the device to dry for a few hours, using a paper towel to remove the majority of the water (Fig. 9c) . (vii) Place a new precut porosity membrane from Zaiput Flow Technologies onto the device as shown in Figure 9e .
Alternatively, sheets of porosity membrane can be purchased and then cut to the correct size using a scalpel.  crItIcal step The rough side of the membrane must face upward. If this membrane is placed on the component with the seal facing the wrong way, separation can fail. (viii) Insert the diaphragm (a new one, if the old one is damaged) back into the metal disk, ensuring that when it is placed back into the device, the raised face is pointing toward the concave part of the separator (Fig. 9d) . (ix) Screw the metal disk into place, using a cross-tightening pattern to avoid overtightening the screws. (x) Put the lid of the separator into place and insert all six screws with a 3/32-inch Allen key. Use a cross-tightening pattern and tighten each screw gently to ensure an even fit. (xi) Cut 3 × 10-cm pieces of DuPont 0.02-inch-inner-diameter PFA tubing and cut both ends using polymer-tube cutters.
 crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing. (xii) Attach the super flangeless nuts and ferrule sets to both ends of the PFA tubes using the method previously described in Steps 2-7. (xiii) Attach the PFA tubes to the three separator inlets. Insert the super flangeless nut into the entry of the separator and tighten it with pliers to ensure a tight fitting (Fig. 9f) .  crItIcal step These super flangeless nuts must be tight; otherwise, the separator will leak. (xiv) Attach a 10-psig back-pressure regulator to the aqueous stream and a 11-psig charged back-pressure regulator to the organic stream as shown in Figure 9g .  crItIcal step These values are not absolute, and, depending on the continuous flow setup, the values will vary. We suggest operating at the lowest back pressure possible, but if a higher back pressure is required, do not exceed 290 psi. In the first instance, if you are using a separator at the end of a system, determine whether separation is achieved with no back pressure on either of the exiting streams. Importantly, the pressure on the two sides must be nearly equal. Thus, if the organic side leads into a packed-bed reactor and a drying unit, this will add pressure to the organic side, which must be counteracted by placing a back pressure on the aqueous side. ? trouBlesHootInG (xv) Flow toluene (50 ml) and then water (50 ml) through the system to equilibrate the device at a flow rate of 200 µl min −1 .  crItIcal step Precharging the membrane in this manner will improve separation efficiency. (D) assembly of a drying unit • tIMInG ~24 h (i) Add 10 g of 4-Å molecular sieves to a 100-ml glass beaker and heat the beaker at 140 °C for at least 16 h.
Step 51D(ii-vii) can be performed while heating the 4-Å molecular sieves. (ii) Unpack the contents of an Omnifit chromatography column kit (150-mm length). Remove the retaining cap from the column, and fully extend the adjustable end piece (Fig. 10a) . (iii) Cut 2 × 15-cm pieces of DuPont 0.02-inch-innerdiameter PFA tubing and cut flat the ends of the tubing with a polymer-tube cutter.  crItIcal step Use polymer-tube cutters to cut the PFA tubing to reduce the chance of the reactor leaking. Polymer-tube cutters provide a flush cut, ensuring optimal sealing of the fitting. (iv) To both pieces of 15-cm PFA tubing, attach a blue plastic nut with a ferrule set (contained in the column kit, but a super flangeless nut can also be used) to one end of the tubing, and a super flangeless nut with a ferrule set to the other end of the PFA tubing, using the method previously described in Steps 2-7 ( Fig. 10d,e) . (v) Attach one of the 15-cm PFA tubes to the connection cap (found in the column kit) by inserting the blue plastic nut from the PFA tubing into the blue connection cap and tightening it using pliers. Attach the connection cap to the fully extendable end piece and tighten it (Fig. 10f) . (vi) Thread the nut from the extendable end piece onto the glass column. Turn the nut in a clockwise motion until the connection is firm but not tight (Fig. 10f) . (vii) Twist the upper portion of the nut counterclockwise to lower the variable-length section. Once the desired depth has been achieved, fully tighten the lower nut onto the glass column in a clockwise manner. To remove the extendable end piece, reverse
Step 51D (vi and vii). (viii) Attach the other 15-cm PFA tube to a connection cap by inserting the blue plastic nut from the PFA tubing into the blue connection cap and tightening it using pliers. Attach the connection cap to the retaining cap and tighten it (Fig. 10b,c) . (ix) Fill the chromatography column to 95% volume (130-mm deep) with 4-Å molecular sieves directly from the oven and immediately cap the column with the retaining head as shown in Figure 10h . ! cautIon Use laboratory-grade oven gloves, as the glass beaker containing the molecular sieves is extremely hot. We suggest clamping the column in an upright position to make this step easier (Fig. 10g) . (x) Screw the retaining head into the column until it is firm.
! cautIon Overtightening will cause the glass column to crack. In this experiment, dibenzylamine (1) and 4-chlorobenzenesulfonyl chloride (2) react to yield sulfonamide (3) in a single reactor with an in-line quench (Fig. 11) . Several skills, including reactor construction, charging of a back-pressure regulator, the assembly of stainless-steel syringes, the assembly of a continuous flow system with multiple junctions, and yield determination, are described. 52| Assemble a reactor coil constructed from 0.02-inch-inner-diameter DuPont tubing with a length of 1,524 cm (50 feet, 3.089 ml) by following Steps 1-11.
53|
To one end of the constructed reactor coil, attach a PEEK Y-assembly mixer for 1/16-inch-outer-diameter tubing (0.60-inch inner diameter) and finger-tighten the joint. Further tighten this joint with the extender tool for standard head nuts.  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut. A Y mixer was purposefully chosen in this example to stop solid formation upon mixing of compounds 1 and 2.
54| Set a back-pressure regulator to 200 psig by following Steps 20-28, and attach it to the other end of the reactor coil. First, finger-tighten the regulator, and then further tighten it with the extender tool for standard head nuts and then with pliers (Fig. 12) .  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut.
55|
Place the reactor coil into an oil bath and secure the exit and entry of the reactor coil with binder clips (Fig. 12f) .
Check that the silicone oil covers the reactor to ensure even heating.  crItIcal step Make sure that the binder clips are not pressing upon the reactor tubing, as this can lead to a clog.
56|
Secure the first PEEK Y-assembly mixer by holding it in place with a clamp (Fig. 12f) . 57| Secure the back-pressure regulator with a clamp (Fig. 12c,f) .  crItIcal step Ensure that the exit of the reactor is attached to the inlet of the back-pressure regulator in the orientation shown in Figure 12f .
58| Assemble a 10-cm-long reactor from 0.02-inch-inner-diameter DuPont tubing with super flangeless nuts and ferrule sets for 1/16-inch-outer-diameter tubing on both ends by following Steps 1-11.
59|
Insert one end of the 10-cm reactor into the exit of the back-pressure regulator and finger-tighten the nut. Further tighten this joint with the extender tool for standard head nuts and then with pliers (Fig. 12e) .  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut.
60|
Insert the other end of the 10-cm reactor into a second PEEK Y-assembly mixer for 1/16-inch-outer-diameter tubing (0.60-inch through hole), and finger-tighten the nut (Fig. 12e) . Further tighten this joint with the extender tool for standard head nuts.  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut.
61| Assemble a 20-cm-long reactor from 0.02-inch-inner-diameter DuPont tubing with super flangeless nuts, and ferrule sets for 1/16-inch-outer-diameter tubing by following Steps 1-11.
62|
Insert one end of the 20-cm reactor into the second PEEK Y-assembly mixer and finger-tighten the nut (Fig. 12e) .
Further tighten this joint with the extender tool for standard head nuts.  crItIcal step Overtightening the nut can lead to damage to the PFA tubing and cracking of the nut. 78| Add 25 ml of 1 M HCl to the separatory funnel; stopper the separatory funnel and then shake it. This is referred to as a typical organic liquid-liquid separation. After shaking, allow the layers to separate and collect the lower organic layer; discard the aqueous layer as waste, as this contains residual dibenzylamine.
79|
Transfer the organic layer back to the separatory funnel and add 25 ml of 1 M NaCl. Perform a liquid-liquid extraction. Collect the lower layer (organic) and discard the aqueous layer as waste.
80|
Transfer the organic layer back to the separatory funnel and add 25 ml of deionized H 2 O. Perform a liquid-liquid extraction. Collect the lower layer (organic) and discard the aqueous layer as waste.
81| Add ~700 mg of MgSO 4 to the organic layer and swirl the mixture for 2 min to dry the solution. The solution will achieve a snow-globe effect once it is dry. If 700 mg of MgSO 4 does not achieve this effect, add small portions of MgSO 4 until it is achieved.
82|
Filter the solution into a 250-ml round-bottom flask using a glass powder funnel and qualitative filter paper.
83|
Carefully remove the organic solvent under reduced pressure using a rotatory evaporator; a white powder will result.
84| Take a small quantity of this solid (~1 mg) and add it to 5 ml of ethyl acetate. Perform thin-layer chromatography (TLC) analysis of the product (R f = 0.368) using ethyl acetate/hexanes at a 1:10 ratio against both 4-chlorobenzenesulfonoyl chloride (2; R f = 0.500) and dibenzylamine (1; R f = 0.205). The TLC should indicate a single product under UV radiation (Fig. 12d) .
85|
Perform column chromatography (25-g silica column, height = 7.0 cm, diameter = 3.0 cm) with an 8% (vol/vol) solution of ethyl acetate in hexanes. The product will elute at 6-9 column volumes.
86|
Combine the fractions containing the desired product and remove the solvent under reduced pressure using a rotary evaporator. Dissolve the resulting solid into a small amount of DCM (~5 ml) and transfer the solution to a preweighed 25-g vial.
87|
Remove the solvent under reduced pressure using a rotatory evaporator until the product is dry. Further dry the product under vacuum at 40 °C for 2 h. Weigh the 25-g vial to obtain the mass of the product. The theoretical yield for this transformation is 177.5 mg.
? trouBlesHootInG Troubleshooting advice can be found in table 1. Attach a new ferrule set in the order and orientation shown in Figure 3a ,b. Do not reuse the original ferrule set
The ferrule was not positioned around the PFA tubing when the super flangeless nut was tightened, or the super flangeless nut was not tightened enough When tightening the super flangeless nut, apply pressure to the PFA tubing as shown in Figure 3c to ensure that the ferrule is set around the PFA tubing. Do not reuse the ferrule
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The PFA tubing disconnects from the syringe connector
The ferrule set was not around the PFA tubing when tightened The gas-delivery tube detaches from the compressed air tank valve at high pressures
The gas-delivery tube is not secure Tighten the metal nut at the end of the gas-delivery tube to ensure a firm fit between the back-pressure regulator and the gas-delivery tube Stainless-steel syringes require the reagents to be drawn up by the user, so, this must be carried out under air-free conditions (i) Prepare solutions as you would for typical syntheses, i.e., in a round-bottom flask or in a screw-top vial. Next, screw a quick-stop Luer in-line check valve (IDEX Health & Science, cat. no. P-655) to the super flangeless nut of the stainless-steel syringe and join it to a suitable needle. Using this needle, load the solutions into the syringes using the same method as you would use to remove anhydrous solvent from a solvent bottle (standard air-sensitive syringe techniques) (ii) Syrris Asia pumps avoid the need to transfer solutions from Schlenk flasks to syringes. Attaching a quick-stop Luer in-line check valve and a needle to the pump allows direct infusion into the continuous flow system. However, such pumps cost ~$20,000 USD (iii) When using reagents that are highly air-sensitive, it should be noted that PFA tubing allows slow permeation of air and moisture, which will lead to poor yields. Use stainless-steel tubing for the reactor coil (continued) The continuous flow system is clogged and/or the syringes can deliver fluids only up to certain pressures. This limit depends on the type of pump used (i) Working backward from the last piece of apparatus in the continuous flow system, unscrew the apparatus and see whether the syringe pumps are able to inject. This will help identify where the clog is (ii) If solid a formation is located in the reactor coil, replace the reactor coil or declog the reactor. Then try diluting the reaction, placing the reactor coil into a sonicating bath, or using larger-diameter tubing to handle the solids. If you are increasing the internal diameter of the tubing, we suggest using mixers with through holes of the same internal diameter (iii) If the packed-bed reactor is clogged, change the stainless-steel frits to ones with larger porosities (IDEX Health & Science). Furthermore, we have experienced that using stainless-steel and other small-diameter packing materials can induce an unworkable back pressure. Switching to sand maintains great mixing but lowers the pressure the packed-bed reactor places on the system (iv • tIMInG Steps 1-11, assembly of a reactor coil: ~10 min Steps 12-19, assembly of a stainless-steel syringe: ~10 min Steps 20-50, assembly of a basic continuous flow system: ~30 min
Step 51A, assembly of a static mixer: ~10 min Switch to a packed-bed reactor housing sand, stainless-steel chippings, or glass beads. This will increase the amount of micromixing in the system. As mentioned previously, be careful of the back pressure this places on the system 51B(x) The part labeled 0 in Figure 8a snaps when the nut is tightened This is the weakest point of the packed-bed reactor. Overtightening will cause it to bend and snap Be careful when tightening this joint. Ensure that the wrench is at 90° to the packed-bed reactor when tightening. Proceed carefully 51B(xviii) When tightening the nut between part 2 and part 1 in Figure 8a , a crunching noise is heard
There is sand present in the joint While covering the entrance to the packed-bed reactor, tap the reactor to loosen sand or other materials. Subject the nut to compressed air to blow away loose debris
51C(xiv)
The separator is not separating the organic and aqueous layers
There is too much pressure on the stream where no fluid is exiting
Change the back-pressure regulators to either lower the pressure on the side where no fluid is exiting or increase the pressure on the side where the fluid is exiting. Through this process, you will find the ideal pressures for optimal separation
The membrane is fouled or is compromised with solids
Replace the membrane
The pore size of the membrane is too small or too large for the flow rate being used
Change to a different-diameter pore-size membrane. The specific type is specified in Step 51C(i-x)
The flow rate going through the separator is too high
Lower the flow rate or use a higher-capacity separator
The organic layer is miscible with water Add a nonmiscible organic solvent for the extraction process
